The precedence effect (PE) is an auditory illusion that occurs when listeners localize 23 nearly coincident and similar sounds from different spatial locations, such as a direct sound and 24 its echo. It has mostly been studied in humans and animals with immobile heads in the horizontal 25 plane; speaker pairs were often symmetrically located in the frontal hemifield. The present study 26 examined the PE in head-unrestrained cats for a variety of paired-sound conditions along the 27 horizontal, vertical, and diagonal axes. Cats were trained with operant conditioning to direct their 28 gaze to the perceived sound location. Stereotypical PE-like behaviors were observed for speaker 29 pairs placed in azimuth or diagonally in the frontal hemifield as the inter-stimulus delay was 30 
INTRODUCTION 43
Localization of sound sources is often challenging in real life due to the presence of 44 background noise or reverberation. The PE demonstrates that the auditory system has evolved to 45 ignore reflected sound copies and attend to the direct veridical sound sources. Experimentally, 46 PE-like behaviors are usually examined in non-reverberant sound chambers using accurately 47 timed sound sources to mimic sound reflections. In addition, the majority of behavioral studies 48 were conducted in animal or human subjects with immobile heads during the presentation of 49 paired sound sources. One could argue that restricting head movements may help achieve 50 consistent behavior and enhance stimulus control. On the other hand, in real life our heads can 51 move freely while we perceive sound locations. Thus any echo-suppressing mechanism would be 52 less useful if it only works under head-restrained conditions. 53
In psychophysical experiments involving the PE, the inter-stimulus delay (ISD) between 54 two sound sources is an important parameter. A widely-studied feature of PE or echo 55 suppression is a phenomenon called localization dominance, i.e., the perception and localization 56 of only the leading sound. Localization dominance can happen over a large range of ISDs. sometimes referred to as fusion, describes the perception of a fused sound in between the two 60 actual target locations. Experimentally, the demonstration of a "phantom" sound in between two 61 largely separated sources with small ISDs can be interesting. However, this scenario presumably 62 happens infrequently in real life with single sound sources, because if the echo comes quickly 63 after the direct sound (i.e., a small ISD), the echo location, as well as the perceived location, is 64 likely to be close to the direct sound location. When the ISD exceeds a certain value, such as 65 8−10 ms for humans (Stecker and animal subjects to indicate that two separate sounds are perceived, one way to behaviorally 68 measure the echo threshold is to examine whether the lagging sound can be localized on a 69 significant number of occasions (Blauert 1997; Tollin and Yin 2003b) . 70
For horizontal localization, the principal cues are interaural time differences (ITDs) 71 created by different arrival times of the sound at the two ears, and interaural level differences 72 7 gaze fixation within the acceptance window (a square window of ±6°) for a variable period of 163 time (600-1000 ms). On non-PE trials, including the control (single-source) trials, a single 164 acoustic or visual signal was presented from one of the 17 speaker/LED locations described 165 above when the LED was extinguished. The cat was required to make a gaze saccade to the 166 apparent location of the signal. If during the 600-1000 ms following the offset of the LED, the 167 gaze moved to and remained within a specified acceptance window (a square window of ±12°) 168 around the target location, a food reward was given. See Populin and Yin (1998) for a discussion 169 of the strategy for setting the size of reward windows. Data were analyzed regardless of whether 170 a reward was received. On PE trials, acoustic signals were presented from pairs of speakers with 171 one of 23 interstimulus delays (ISDs) covering -30 ms to 30 ms. Positive ISD corresponded to 172 right or upper targets leading. Importantly, precedence trials were presented randomly at a 173 probability of only 5−10 % with the rest of the trials, i.e., control trials and other types of 174 acoustic or visual trials. Because the precedence stimuli may produce an illusory perceptual 175 location and there is no correct location of the target, all precedence trials were rewarded. 176
Overall, 10 trials or more were obtained for each ISD under each condition except in a few rare 177 cases. 178
The acoustic target was either a broadband (BB, 0.1−30 kHz) noise-burst train repeated at 179 5 Hz with a total duration of 810 or 830 ms (Fig. 1B) or a 50-ms BB noise (Fig. 1C) . The 180 duration of the noise in the noise-burst train was typically 10 ms; the experiment was also 181 repeated with 30-ms bursts for one vertical pair (0, ±30º). Stimuli used for precedence trials had 182 a fixed level of 50 dB SPL. The overall sound level of control and other auditory stimuli was 183 roved from 50 to 80 dB SPL in steps of 2 dB. 184
Horizontal and vertical gaze positions were determined separately by a velocity criterion 185 (Populin and Yin 1998; Tollin et al. 2005) . The beginning of the gaze movement was marked as 186 the point in time when steady fixation ended, i.e., when the magnitude of the velocity exceeded 2 187 standard deviations (SDs) from the mean velocity computed during the initial steady fixation. 188
The final gaze position was determined at the time when the magnitude of the velocity returned 189 to ≤ 2 SDs of the baseline velocity. The gaze latency was the time when the fixation ended (i.e., 190 when the gaze movement started) relative to the beginning of the target. For trials with no 191 saccades, either caused by perception at the front center or by failure of localization or detection, 192 8 the final gaze position was measured at a fixed latency of 600 ms post-stimulus-onset (usually 193 close to 0 degree); those trials were excluded in computing the response latency. 194
195

Model simulation 196
We used a biophysical MSO model adapted from the bushy-cell model by Rothman and 197 Manis ( For each side of the AN model, the 10 model fibers had the same characteristic frequency 216 (CF), whereas the ipsilateral CF can differ from the contralateral CF. In order to introduce a 217 variety of ITD tunings, i.e., different best/peak ITDs, we introduced mismatched CFs from the 218 contralateral and ipsilateral side to make use of the traveling-wave delays that naturally occur 219 across frequencies (Joris et al. 2006) . Differences in conduction delays as in the Jeffress (1948) 220 model from the two sides could also be used to introduce variability in peak ITDs, but these were 221 9 not implemented in this model. Figure 2B (black) shows a typical ITD tuning curve in response 222 to a click train (peak level = 70 dB SPL; inter-click interval = 80 ms; a total of 50 clicks) with 223 input of matched CFs (500 Hz). The tuning properties were similar to those shown for the MSO 224 model by Xia et al. (2010) . When the same model was simulated with mismatched CFs (the 225 ipsilateral CF = 520 Hz; the contralateral CF = 480 Hz; a mismatch of 8%), a clear shift of best 226 ITD towards the contralateral side (ITD = +200 µs) was observed (Fig. 2B, red) Second, when ISD = ± 0.5 ms, the animal always looked at the leading sound source (Fig.  242 3C), as accurately and consistently as the response to single sound sources (A), though there are 243 some differences in the kinematics of the gaze movements. This response is consistent with 244 localization dominance. 245 Third, when ISD was further increased to ± 30 ms, the cat no longer consistently looked 246 at the leading sound sources (Fig. 3D) . Whether the leading source was on the left (blue arrow) 247 or the right (red arrow), the cat made gaze movements to both sources, and the variance in the 248 final gaze positions was larger than what was observed during localization dominance (C). A 249 plausible explanation of the behavior was that the ISD had exceeded the echo threshold. That is, 250 the animal could detect and localize both the leading and the lagging sound sources separately, 251 Cat 33 also lay in between the two target locations, the variance was large, indicating that either 263 this cat failed to perceive a completely fused image or the perception of a single sound source 264 varied across trials. Because the gaze distribution was not bimodal, it was unlikely that the cat 265 detected both sound sources at those small ISDs. At larger ISDs, e.g., > 10 ms, where the echo 266 threshold was presumably exceeded, response variance was even larger. All three cats showed 267 biases toward one side (either left or right) for both types of sound stimuli, except for Cat 38 268 with the 50-ms noise (Fig. 4B, top, red) . 269
It is also worth pointing out that, for the two cats that were tested with both types of 270 stimuli, the positive slopes over the range of summing localization (around 0 ISD) were steeper 271 for the 5-Hz burst train than the 50-ms non-repeated noise, indicating different thresholds of 272
ISDs for reaching localization dominance. For comparison, a typical head-restrained plot was 273 illustrated by the dashed light-blue line (Tollin and Yin 2003b). Note that they had a 36º angular 274 separation between the speaker pairs, whereas we had a 100º separation. If the angles were 275 normalized, the slope measured from the head-restrained study would be similar to the shallower 276 slope obtained here with the 50-ms non-repeated noise. The implication will be addressed in the 277
Discussion. 278
Since the two targets were located in the horizontal plane, in elevation the three cats 279 showed little gaze movement except at very small ISDs for Cats 36 and 38 (Fig. 4 , A and B, 280 bottom). Interestingly, for these two cats, the ISDs that evoked non-zero vertical movements 281 11 roughly corresponded to the ISDs with which summing localization occurred. In contrast, the cat 282 that did not show a typical summing-localization behavior (Cat 33) had minimal vertical 283 responses (Fig. 4C, bottom) . The vertical deviation of the perceived source during trials with 284
ISDs in the summing localization range has been previously reported for head-restrained 285 conditions and may reflect a spectral cue imposed by the slightly delayed click due to comb 286 filtering (Tollin and Yin, 2003a) . 287
An unpredicted observation with Cat 38 was that, for the 5-Hz pulse train when ISD = 288 +0.075 ms (i.e., the sound on the right was leading the sound on the left by 0.075 ms), for some 289 reason the cat chose to look at the lagging sound (Fig. 4B, blue) . This does not appear to be an 290 artifact because 1) we used the same sound for all three cats, so it is not likely to be a stimulus 291 artifact, and 2) this phenomenon was again observed in the horizontal movements of this cat with 292 ISD = 0.075 ms with sound pairs located diagonally (see next section). It was unclear, however, 293 why this behavior occurred with this particular cat for this ISD value and not with the other 294 subjects. 295 Tollin and Yin (2003b) observed that the cat sometimes made an initial saccade to the 308 leading or the lagging sound, followed by a corrective saccade to the lagging or leading sound. 309
They attributed this behavior to the perception of two separate sound sources, but the behavior 310 happened only on some trials. In the present study we observed this behavior less frequently; for 311 12 example, no such trials occurred for the azimuthal example (Fig. 3 ). This behavior was observed 312 at both short and long ISDs for the vertical example (Fig. 5 , C, and D); more importantly, it 313 occurred only when the initial saccade was toward the sound located at a higher position, 314
whether it was the leading or lagging source. Therefore, we do not think that the double saccades 315
were a reliable measurement of echo thresholds. 316 
PE can be observed in both azimuth and elevation for diagonally-located targets 326
Figures 7 and 8 show the final horizontal (top) and vertical (bottom) gaze movements to 327 paired sound sources located diagonally. The speaker pairs were located at (±20º, ∓20º) (Fig. 7 ) 328 or (±20º, ±20º) (Fig. 8) . For the horizontal component (top), the patterns were similar to what 329 was observed with horizontal targets (±50º, 0º) (Fig. 4, top) bottom). At larger ISDs, the dominance of the leading sound broke down and the cats showed 338 bias to one of the two speakers. Cat 38 showed similar, though weaker, patterns with the 5-Hz 339 pulse train but not always with the 50-ms non-repeated noise (Figs. 7 and 8, B, bottom) . 340
13
Echo thresholds were better defined using pulse trains 342
The echo threshold is the shortest ISD at which two separate sounds, rather than one 343 fused sound, can be localized. Since we were unable to instruct the cats to signal the perception 344 of two sound sources with our experimental setup, we assume that the echo threshold had been 345 reached when, on a certain number of trials, the cat made a saccade to the position of the lagging 346 sound (Blauert 1997; Tollin and Yin 2003b). Note that sometimes the cat made double saccades, 347 including sequential saccades in opposite directions (examples shown in Fig. 5, C and D) . The 348 analyses presented so far were all based on the final response, i.e., gaze movement at the end of 349 the final saccade (we rarely observed more than two saccades with the four cats in this study). 
Gaze latencies did not consistently reflect whether or not a PE was observed 386
When cats are experiencing auditory illusions, it is of interest to see if it takes the cats 387 longer to respond to the paired sounds compared to the response to a single sound. Figure 10  388 shows examples of the gaze latencies to paired sounds (lines and symbols) and single sources 389 (shaded areas). For cat 33, when it responded to the right hemifield (Fig. 10C) , the gaze latencies 390 to paired sounds were generally longer than the latencies to single sound sources. Note that this 391 does not mean the right speaker had to be leading. Comparing Fig. 10 with Fig. 8 , it was clear 392 that, even though for certain left-leading conditions (small negative ISDs), the cat responded to 393 the right and the corresponding latencies were long. However, this trend was not observed with 394 either of the other cats. In general, it was difficult to tell whether a PE occurred or not simply 395 based on gaze latencies. 396
397
PE was hardly observed for targets located in the left hemifield 398
In previous PE studies, speaker pairs were usually placed symmetrically in the frontal 399 hemifield and rarely located off-center, i.e., both in the left or the right hemifield of the subject 400 sound when the targets moved to the back hemifield (-120º, 0) (Fig. 11 , left most, blue) 404 compared with the condition of restricting the targets in the frontal hemifield (Fig. 4, shaded  405 areas). When paired sound sources were presented with ISD = 0, both cats showed gaze 406 responses near the 60º target (Fig. 11, second column) , rather than in between the speaker pairs. 407
When ISD was gradually increased so that the back target was leading, Cat 38's response 408 gradually shifted to the back (top row), whereas Cat 39's response remained in the frontal 409 hemifield (bottom row). Overall, distinct PE-like behaviors were not observed when both 410 speakers were located in the left hemifield. 411
412
The MSO model predicted partial PE-like behaviors 413
The 5-Hz noise-burst train was used as the sound stimulus to the MSO model. identical CFs across the two sides generally showed higher firing rates than models with 419 mismatched input CFs (Fig. 12A , leftmost, along the diagonal; dotted line). This behavior is 420 expected because those neurons with matched CFs received coincident input from the two sides 421 when there was no interaural delay. When an ITD of −0.5 ms (i.e., ipsilateral leading) was added, 422 neurons with matched CFs no longer responded actively (Fig. 12A, middle, dotted line) . Instead, 423 neurons of which the ipsilateral CF was lower than the contralateral CF fired the most (Fig. 12A,  424 middle, below the dotted line). This is reasonable because the traveling delays for low 425 frequencies are naturally longer than the delays for higher frequencies. And as already shown in 426 (Fig. 12A, middle, white asterisks) . (Fig. 12B, upper left) was similar to the model response to a 438 single sound with no interaural delay (Fig. 12A, leftmost) . That is, the model showed no 439 preference to either the ipsilateral or the contralateral side, although individual neurons' 440 responses were not identical across the two conditions. In summary, the system responded as if 441 perceiving a fused phantom sound with ITD = 0 (i.e., summing localization). 442
When an ISD = −0.3 ms was added to the two sounds (i.e., the ipsilateral/negative-ITD 443 sound was leading), responses of most of the neurons (Fig. 12B , upper middle, CFs between 400 444 and 1000 Hz) showed directional preference to the ipsilateral sound (Fig. 12A, middle) , whereas 445 other neurons' responses did not change (e.g., CFs below 400 Hz). Therefore, at this ISD the 446 model's behavior shifted toward the ipsilateral preference, but not as much as it did for the single 447 sound with ITD = −0.5 ms. This behavior also agreed with the summing localization, which 448 typically had larger variance than for single sources. 449
When ISD was further increased to −0.5 ms, a clearer shift to the ipsilateral side was 450 observed, which agreed with localization dominance (Fig. 12B, upper 
right). For even longer 451
ISDs (e.g., −1 or −3 ms), a second group of neurons corresponding to contralateral leading also 452 began responding actively (Fig. 12B, lower row, above the dotted line) . In other words, the 453 model was showing responses to two separable sounds in a manner agreeable with behavioral 454 echo detection, though it occurred at an ISD that was too short to predict the human or cat 455 behavior. Note that the stimulus was the same broadband-noise burst train used in the behavioral 456 experiment. Naturally different frequencies of a noise may have different delays. With 457 mismatched input CFs, the model neurons showed firing-rate patterns that were somewhat noisy 458 (Fig. 12) . Nevertheless, we observed systematic shifts of the firing rates with increasing ISDs. 459
460
DISCUSSION
461
PE can be observed with free-moving heads 462
The PE has been long observed with humans (e.g., Wallach et al. 1949 Indeed, when comparing the final gaze positions between these two conditions for 488 horizontal targets, H (±50º, 0º), a shallower slope in the region of summing localization was 489 observed for both cat 36 and cat 38 when the stimulus duration was 50 ms (Fig. 4, A and B) . 490 This is reasonable because, when summing localization occurred, a "phantom" sound was 491 18 presumably perceived in between the speaker pairs and biased toward the leading source. If the 492 head moves toward the leading sound, the pinnae will further amplify the leading sound and 493 attenuate the lagging sound, causing a larger preference to the leading source. In other words, the 494 localization dominance was achieved at smaller ISDs. This argument is supported by the fact that 495 measurements obtained from the head-restrained study had a slope similar to the slope for the 496 50-ms non-repeated noise after being normalized by the separation angles (Fig. 4A, light-blue  497 dashed line). A similar trend was also observed with the diagonal condition, D (±20º, ∓20º) (Fig.  498 7, A and B), but not with the other diagonal condition, D (±20º, ±20º) (Fig. 8, A and B) . The 499 smaller effect of head movements for the diagonal conditions was possibly due to the fact that 500 the speakers were not as far apart in the diagonal conditions as they were in the horizontal 501 condition. 502
In summary, our data show that all aspects of the PE are seen in cats listening with their 503 heads unrestrained. for targets in the median sagittal plane. When the targets were located diagonally, localization 511 dominance, but not summing localization, was observed in the vertical dimension. It was unclear 512 whether or not the difference among studies was caused by head restraint. In addition, it is worth 513 pointing out that the two horizontal speakers were 100º apart, whereas the two vertical speakers 514 were only 60º or 40º apart. 515
In general, it may not be surprising that the PE differs for the horizontal and the vertical 516 planes considering that sound localization in elevation uses a completely different set of cues, 517
i.e., spectral cues caused by filtering properties of the head and pinnae (Gardner and Gardner 518
1973; Hebrank and Wright 1974). 519
The majority of human or animal studies have placed the speakers symmetrically in the 520 frontal hemifield. Lee et al. (2009) measured the PE in the parasitoid fly Ormia ochracea with 521 one speaker placed in front of the fly, and the other 90º on one side. They found that, when the 522 front speaker was leading by 5 ms, the fly always walked straightly to the front source. When the 523 lateral speaker was leading by 5 ms, the fly walked to a place in between the two speakers, and 524 increasing the ISD to 10 ms did not make the fly respond more laterally. In other words, they 525 were unable to demonstrate localization dominance to the lateral speaker within the parameter 526 range relevant to the PE. Similarly, the present study found that the cats always preferred the 527 frontal speaker (60º to the left) to the back speaker (120º to the left) even when the back speaker 528 was leading. This is possibly due to the attenuation of the back-field sound by the left pinna. This 529 may pose a problem for the echo-suppression mechanism, because if a sound comes from the 530 back hemifield and its echo from the front, the animal will respond to the front under our 531 experimental setup. However, in the real word the direct sound will be louder than the echoes 532 
Echo-threshold measurements 540
Using the approach developed previously (Blauert 1997; Tollin and Yin 2003b), we were 541 able to derive echo thresholds with the 5-Hz burst train, but rarely with the 50-ms non-repeated 542 noise. When examining the normalized response (Fig. 9 as an example) , it is clear that the 543 response did not drop significantly at large ISDs with the 50-ms noise. It was unclear whether 544 the animal failed to detect the lagging sounds, or simply wouldn't respond to the lagging sound 545 when the stimulus duration was long. This observed behavior agrees with the head-unrestrained 546 study in budgerigars by Dent and Dolling (2003) . In that study, the PE was inferred from the 547 measurement of Percent of Correct on detecting the leading source, and the echo threshold was 548 defined as the "lowest point of responding (lowest percent correct discrimination values)". 549
Although based on this definition, they could derive echo thresholds for noise bursts of various 550 durations, i.e., 0.1, 1, and 50 ms, the lowest point as a decrease of Percent of Correct was only a 551 20 small dip for the 50-ms noise compared with the decreases for the shorter stimuli (their Fig. 3) . 552
This agrees with our finding that the normalized gaze response for the 50 ms rarely dropped 553 below 0.5 where we defined as threshold-crossing ( Fig. 9; Table 1) . 554
On the other hand, previous studies have shown a buildup effect with repeated sound 555 pairs having a fixed ISD; that is, the echo threshold increases with time when the same sound 556 pairs are repeated (e.g., Clifton 1987; Tolnai et al. 2014). Here the opposite was observed-the 557 echo threshold for the 5-Hz repeated noise was lower than any measurable threshold for the 50-558 ms non-repeated noise. However, since the average gaze latencies were around 200 ms or below 559 (Fig. 10) , on most of the trials the cats had made their responses only after hearing one or two 560 repetitions of the sound bursts, which was possibly not enough for them to exhibit any buildup 561 effect. 562 Here we used a novel simulation approach to clearly demonstrate the summing 600 localization, localization dominance, and echo perceptions in a more intuitive way. Each MSO 601 model cell received binaural input with various combinations of CFs to introduce interaural 602 delays. Our model simulation showed a single fused "image" (i.e., population response) for 603 small ISDs lying in between responses to single sound sources, corresponding to the summing 604 localization. As the ISD increased, the fused image resembled population response to the single 605 source when it was presented alone. At |ISD| > 0.5 ms, two separate images were observed, each 606 corresponding to the two sound sources. In short, this simulation approach can be more directly 607 compared with PE-like behaviors. In agreement with the IC modeling study (Xia et al. 2010 
